In the filamentous fungus Podospora anserina, senescence is associated with major rearrangements of the mitochondrial DNA. The undecamer GGCGCAAGCTC has been described as a preferential site for these recombination events. We show that: (i) copies of this short sequence GGCGCAAGCTC are present in unexpectedly high numbers in the mitochondrial genome of this fungus; (ii) a short cluster of this sequence, localised in a group II intronic ORF, encodes amino acids that disrupt a protein domain that is otherwise highly conserved between various species; (iii) most of the polymorphisms observed between three related species, P.anserina, P.curvicolla and P.comata, are associated with the presence/absence of this sequence; (iv) this element lies at the boundaries of major rearrangements of the mitochondrial genomes; (v) at least two other short elements in the Podospora mitochondrial genomes display similar features. We suggest that these short elements, called MUSEs (mitochondrial ultra-short elements), could be mobile and that they contribute to evolution of the mitochondrial genome in the genus Podospora. A model for mobility involving a target DNA-primed reverse transcription step is discussed.
INTRODUCTION
Short dispersed repeated elements have been described in numerous genomes of various kingdoms. The eucaryotic nuclear genome contains such DNA sequences dispersed throughout coding and non-coding sequences, called SINEs (short interspersed nuclear elements) (1) . The size of these SINEs is from 75 to 500 bp. AluI in primates (2) is a well-known example of these sequences, which are thought to be mobile elements that disperse in the genome via retroposition (3, 4) . The proliferation of such elements in the genome can cause substantial numbers of mutations and lead to recombination events which are often deleterious for the cell (5, 6) . Nonetheless, it can also be viewed as a powerful evolutionary force remoulding eucaryotic genomes (7) (8) (9) . In cyanobacteria an octomeric palindrome (HIP) can constitute up to 2.5% of the genome (10) .
Dispersed repeated sequences are also present in the mitochondrial DNA of lower eucaryotes and plants. Among these are Pst1 palindromes in Neurospora crassa (11) , GC clusters in Saccharomyces cerevisiae (12) and PRS (palindrome repeated sequences) in plants (13) . Unlike the mitochondrial genome of higher eucaryotes, mitochondrial DNA of lower eucaryotes and plants contains long intronic and intergenic sequences. These are the preferential locations of short repeated sequences (12, 13) . Nevertheless, some can be located in the coding regions of the large and small rRNA subunits (14) . These sequences, whose presence/absence contributes to the polymorphism of the mitochondrial genomes (13) (14) (15) (16) (17) (18) , are genus specific. Many roles have been postulated for these interspersed sequences. They could be sites of initiation, replication or transcription, or sites for the processing of primary transcripts (11, 12) . It has also been suggested that they are mobile elements (11, (14) (15) (16) (17) (18) (19) and this was demonstrated for GC clusters in the var1 gene in the mitochondria of yeast (20, 21) . In any case, they are often involved in recombination events remoulding the mitochondrial genome (22) (23) (24) (25) (26) .
The mitochondrial genome of the filamentous fungus Podospora anserina is a 100 kbp circular molecule, which has been completely sequenced (27) . It encodes the large and small rRNAs (LSU and SSU), 13 polypeptides that participate in the oxidative phosphorylation pathway and the tRNAs involved in the mitochondrial translation machinery. Introns constitute 60% of the chromosome length and most contain open reading frames (ORFs). Three of these ORFs encode proteins similar to the reverse transcriptases (28, 29) and at least one is active in vitro (30) and most probably in vivo (31, 32) . This activity likely uses a mechanism (33) referred to as target DNA-primed reverse transcription, which is analogous to that described in the transposition of the non-LTR retrotransposon R2Bm in Bombyx mori (34) and in mobility of the mitochondrial intron cox1-i2 in yeast (35) .
In P.anserina there is a strict correlation between a degenerative phenomenon called senescence (36) and the presence of rearranged circular DNA molecules called sen-DNA (37) . These molecules correspond to amplification of short mitochondrial sequences arranged as circular multimeric molecules (38) (39) (40) . The 11 bp sequence GGCGCAAGCTC was originally described as a preferential site located at or near the end points of the amplified sequences (41) . We present here an analysis of the nucleotide sequence of the mitochondrial DNA of P.anserina and demonstrate that this undecamer, GGCGCAAGCTC, is present in numerous copies. Because a short cluster of copies of this sequence encodes amino acids that disrupt a protein motif that has been well conserved during evolution and because most of the polymorphisms between P.anserina, P.curvicolla and P.comata are associated with the presence/absence of this sequence, we suggest that this element is mobile. Although closely related, P.curvicolla and P.anserina contain some mitochondrial DNA sequences that are highly divergent. The undecamer is present at many of the divergent sites, consistent with the element being involved in evolution of the mitochondrial DNA in the genus Podospora. Two other short elements in the P.anserina mitochondrial genome also display these features. We call these elements MUSEs (mitochondrial ultra-short elements) and suggest that they play a role in evolution of the mitochondrial genome similar to that postulated for SINEs in nuclear genomes. We propose a mechanism for mobility of these sequences involving a target DNA-primed reverse transcription step.
MATERIALS AND METHODS

Species, strains and culture conditions
Podospora anserina, P.comata and P.curvicolla are closely related ascomycete fungi. Strain T of P.comata was kindly provided by Denise Marcou. The two isolates of P.curvicolla (V and L) studied were recently collected by Leon Belcour in France from rabbit dung in Vaux-le Vicomte (Ile de France) and from roe deer dung in Liauzu (Midi-Pyérénes). All these strains were grown as previously described for P.anserina.
Mitochondrial DNA preparation
Mitochondrial DNA (mtDNA) from all species was extracted after cesium chloride purification as previously described (42) .
DNA sequencing
Most of the sequencing was carried out on the two strands from cloned mtDNA fragments using a Sequenase kit (USB) and synthetic oligonucleotides. Some sequencing was performed on cloned PCR products. In these cases at least two clones obtained from two independent PCR experiments were sequenced. These sequences are available under accession nos Z69894, Z69895, Z69896, Z69897, Z69898, Z69899, Z69900 and Z6901 in the EMBL database.
Sequence analysis and probability calculations
Sequence retrieval, comparisons and editing were performed on a VAX/VMS computer using the Genetics Computer Group package of the University of Wisconsin.
Taking into account the nucleotide composition of the mitochondrial genome (27) , the expected number of occurences in the mitochondrial genome of MUSE1 and the reverse sequence or sequences differing from it by one, two, three or four mismatches have been separately calculated using the algorithm described in Staden (43) . We confirmed the significance of our results by randomizing the order of mononucleotides or dinucleotides of this genome 100-fold and by counting the number of occurences on each of these sequences. Expected numbers were calculated as described in Materials and Methods according to the base composition of the mitochondrial genome of P.anserina. Number of perfect matches in EMBL (release 38) excluding Podospora sequences are shown; the expected numbers are calculated assuming A = C = G = T = 25%. nd, not determined.
RESULTS
The undecamer GGCGCAAGCTC is an ultra-short repetitive element in the mtDNA of P.anserina
We searched for perfect and imperfect copies (with up to four substitutions in the 11 bp sequence) of the GGCGCAAGCTC sequence and of the reverse sequence 5′-CTCGAACGCGG-3′ in the 100 kbp mtDNA of race A of P.anserina (Table 1a) . As a control a complete EMBL library (release 38), whose overall size was ∼180 Mb, was also investigated. In the library, excluding the Podospora sequences, the number of perfect matches with GGCGCAAGCTC was similar to that statistically expected; there was no over-representation of this sequence in any particular genome. This was also the case in the mitochondrial genome of P.anserina for the reverse sequence CTCGAACGCGG. In contrast, in the mtDNA of P.anserina the total number of matches (124), localised on both strands and corresponding to the perfect undecamer GGCGCAAGCTC or an undecamer containing one or two base substitutions was considerably higher than expected. We named this sequence MUSE1, for mitochondrial ultra-short element 1. In the following, MUSE1 refers to perfect or imperfect sequences containing up to two substitutions.
Repartition of MUSE1 in the mitochondrial genome
MUSEs1 were not uniformly distributed along the mitochondrial genome (Table 1b) . Half of these elements (64/124) were located within the intergenic spacers, which represent only 17% of the mtDNA sequence. In contrast, the exonic sequences that constituted 23% of the mtDNA contained few copies of MUSE1 (11/124). All the exonic MUSEs1 lay in the mitochondrial hypervariable regions of rRNAs (five in SSU and six in LSU). The 49 remaining MUSEs1 were in intronic sequences (60% of the mitochondrial sequence). Generally they were not involved in the structural organisation of these introns. However, in the group I intron LSU-i1, three of the seven MUSEs1 were implicated in RNA secondary structure; two, in opposite orientations, constitute the stem of the P9.1 structure and the third corresponds to the L5 loop (44) . Half of the other elements present in intronic sequences were located within ORFs.
The mitochondrial genome could be separated into two regions according to the content of MUSEs1. A region of ∼37 kbp, which extended from the tRNA Met2 to the end of the cox1 gene, contains fewer MUSEs1, on both strands, than the remaining mitochondrial chromosome. It contained almost half of the intronic sequences (27675 bp/60562 bp) and a third of the intergenic spacers (5169 bp/16694 bp), which were the preferential sites of MUSE1, however, this region contained only 15% of the total copies (18/124).
The distribution of the element in the two DNA strands is also unequal. It is twice as frequent in the non-template strand (86) as in the template strand (38) ( Table 1 ).
The location of MUSEs1 in P.anserina mtDNA suggests that it is an invasive element
Three observations suggested that MUSE1 could be a part of (or be itself) a mobile element that has invaded the Podospora mitochondrial genome.
(i) These elements were not present in the mitochondrial genomes of related fungi but only in the mitochondrial genome of Podospora.
(ii) A linear plasmid, pAL2, which shares several features with a group of linear genetic mobile elements called invertrons was first identified in the long-lived strain of P.anserina AL2 (45, 46) . The mtDNA of the strain A that we analysed did not contain this plasmid, but displayed a region very similar to a part of it. This suggested that this mitochondrial region was derived from integration into the mitochondrial genome of a plasmid closely related to pAL2 (47) . We observed that three MUSEs1 in the mitochondrial sequence of race A were not present in the homologous region of pAL2 (Fig. 1a) . If this region indeed originated from the plasmid, MUSE1 presumably inserted after integration of the plasmid into the mitochondrial genome.
(iii) There were several arrays resulting from short repeats of MUSEs1 in the ORF of intron 4 of the gene for NADH dehydrogenase subunit 5 (nad5-i4), which encodes a putative reverse transcriptase. This protein contained polypeptide domains that were well conserved among the reverse transcriptases encoded by other group II introns, retroviruses and non-LTR retrotransposons (28, 29) . However, in the nad5-i4-encoded protein one of these blocks (domain VI) was split by insertion of 10 amino acids encoded by a cluster of MUSEs1 (Fig. 1b) . It was thus likely that the nucleotide sequences encoding these additional amino acids were recently inserted into this intron in Podospora. Numerous polymorphisms are associated with the presence/absence of MUSE1 in the genus Podospora Mobile elements are optional and their presence/absence contributes to genomic polymorphism within a species. We searched for polymorphisms due to such presence/absence of MUSE1 in eight strains of P.anserina by PCR (data not shown). Three regions containing only six of the 124 MUSEs1 were investigated and none was polymorphic.
Simultaneously we cloned and sequenced several parts of the mtDNA of two other Podospora species, P.comata and P. curvicolla. In P.comata a 3040 bp sequence encompassing exon 1, intron 1 and exon 2 from the cox1 gene was determined. An additional MUSE1 was observed in P.comata (Fig. 2a, cox1-i1) at the 3′-end of the ORF encoded in the intron.
In P.curvicolla ∼7 kbp were sequenced in several non-contiguous regions along the mitochondrial genome and compared with homologous regions in P.anserina. More than half of the differences observed correlated with the presence/absence of single or repeated MUSEs1 (Fig. 2) . Several of these polymorphisms mapped in the ORF of nad5-i4 and caused amino acid sequence differences between the reverse transcriptase encoded by homologous introns. One of these differences occurred within the short cluster of MUSEs1 (Fig. 2a) that we have previously noticed in P.anserina to encode amino acids which split a well-conserved block among reverse transcriptases (Fig. 1b) . In P.curvicolla insertion of the MUSE was accompanied by a short deletion and this modification led to an extra amino acid in the sequence that split the conserved domain VI (Fig. 2a) . These observations reinforced the hypothesis that MUSE1 is mobile. A short repeat of MUSEs1 was also found in P.anserina, but not in P.curvicolla, in one of the hypervariable regions (LV5) of the coding part of the LSU gene and in the non-coding part of cox1-i2. The two inserted MUSEs1 in cox1-i2 were not tandemly arranged, but nested one in another (Fig. 2b) .
Comparison of the sequences surrounding the different insertion/ deletion events (Fig. 2) did not reveal any strong similarities between them. However, three of the eight events occurred near pre-existing MUSEs1. Seven of these eight modifications were accompanied by deletion of at least 2 nt, suggesting that a degradation process may be associated with MUSE1 insertion.
Typology
MUSEs1 in P.anserina could be classified into three groups according to their flanking sequences (Fig. 3) . The first class (∼70% of the cases) contained MUSEs1 whose flanking sequences did not reveal any strong similarity. The second group corresponded to MUSEs1 where the right boundary has the trinucleotide CTC and the left boundary the pentanucleotide GGCGC (∼15% of the events); the number of copies of the upstream GGCGC sequence was correlated with the number of copies of downstream CTC. Interestingly, the two repeated motifs GGCGC and CTC correspond to the left and right parts of MUSE1 [GGCGC(AAG)CTC]. Some sequences were associated with the oligonucleotide GCGC(TA) 4 at the left boundary. These were often organised in perfect repeats and the number of these repeats also correlated with the number of downstream CTC. Significantly, all the copies of oligonucleotide GCGC(TA) 4 or repeats of this oligonucleotide in the mitochondrial genome were associated with a MUSE1. Finally, the third group was constituted of tandem or inverted repeats of MUSEs1 (∼15%).
The mitochondrial genome contains several different MUSEs
Two other ultra-short sequences in the mitochondrial genome (ATACTTCGTC, MUSE2 and TGCGAAGCC, MUSE3) displayed the same features as MUSE1. MUSE2 was overrepresented in the mtDNA of Podospora. Thirty nine perfect or imperfect (one substitution) copies of MUSE2 were found (Fig. 4a) . The preferential location of this sequence was intergenic or intronic. The 37 kbp region which was poor in MUSE1 contained only two MUSEs2. Copies of MUSEs2 could be divided into the same categories as MUSE1. Half of them did not display any particular flanking sequences, but eight were framed by the trinucleotide GAC on their left and the pentanucleotide AGTAY on their right (Fig. 4b) . Both correspond to the complementary sequences of the left (GTC) and the right (ATACT) parts of this element. We found two polymorphisms between the mtDNA of P.anserina and P.curvicolla resulting from the presence/absence of MUSE2. As for MUSE1, one of these insertions introduced a difference in the amino acid sequence encoded by the ORF in nad5-i4 (Fig. 4c) .
Although MUSE3 was by far less common (Fig. 4a ) than MUSEs1 and 2, it was nevertheless significantly more abundant than expected. Its distribution in the P.anserina genome and the existence of at least two polymorphisms between P.comata and P.anserina, reflected in the presence/absence of this sequence (C.Sellem and M.Rossignol, personal communication), suggested that it also belongs to the MUSE group.
Remoulding of the mitochondrial genome in Podospora is correlated with the presence of MUSEs
We have determined the nucleotidic sequence of the P.curvicolla tRNA gene cluster region, homologous to that which flanks the 3′-part of the LSU gene in P.anserina. The tRNA gene order was identical to that of P.anserina, but some divergence was observed in their intergenic spacers. In six of seven cases a MUSE was located near the points of divergence between the homologous regions (Fig. 5b) .
Although P.curvicolla is closely related to P.anserina and P.comata, its mitochondrial gene organisation differs from that of the two others species (Fig. 5a) . We have determined the nucleotide sequences at three of the four major rearrangement breakpoints. MUSEs1 or MUSEs2 were found at each of these divergent points, suggesting that they are involved in reorganisation of the mitochondrial genome and may thus have contributed to its evolution.
DISCUSSION
Are MUSEs mobile?
The presence of small interspersed repeats has been described in the mtDNA of various organisms, GC clusters in yeast (12) , a PstI palindrome in Neurospora (11) and PRS in plants (13) . These repeats, whose sizes vary from 40 to 100 bp, are genus specific. They are preferentially located in the intergenic spacers and in the variable parts of the small and large rRNAs (12) (13) (14) (15) . They are proposed to correspond to signals involved in transcription, translation or RNA processing (11, 12) . However, the existence of numerous polymorphisms resulting from the presence/absence of these sequences led to the proposal that they are mobile elements (11, (13) (14) (15) 17, 19) . This was demonstrated for optional GC clusters present in the mitochondrial var1 gene in yeast. These sequences are preferentially inserted through sexual processes by a unidirectional gene conversion into var1 alleles from which it is absent (20, 21) .
Here we report that three oligomers of 11 (GGCGCAAGCTC), 10 (ATACTTCGTC) and 9 bp (TGCGAAGCC) are specifically over-represented in the mitochondrial genome of Podospora. We show that these sequences (called MUSEs1, 2 and 3 respectively) share common features with the already-described small mitochondrial repeats (size, location and polymorphism), which suggests that they are also mobile elements. This is strongly supported by the following observation. Several repeated MUSEs1 in the coding part of the group II intron 4 of the nad5 gene encode amino acids that split a block conserved among reverse transcriptases of retroviruses, retrotransposons and group II introns. It is thus likely that the MUSEs1 encoding the additional amino acids were integrated after divergence of Podospora from other species, rather than deleted in all except Podospora.
Mechanisms of mobility
Unlike long interspersed mobile elements, such as transposons, retrotransposons or mitochondrial introns, short elements clearly do not encode the enzymes involved in their mobility. A mechanism analogous to the transposition of procaryotic IS and Tn elements, leading to duplication of the DNA target sites, has been proposed to explain the mobility of GC clusters in yeast (18, 21, 48) . Such a mechanism cannot be invoked for the mobility of MUSEs in Podospora, since no repeats at the borders of these elements can be observed.
A target DNA-primed reverse transcription step, mediated by a reverse transcriptase encoded by some non-LTR retrotransposable element, is postulated to explain the dispersion of SINEs in the nuclear genome (34) . Such a mechanism could also be inferred in the dispersion of MUSEs in the mtDNA of Podospora since: (i) several data strongly suggest that a reverse transcriptase is active in the mitochondria of this fungus (31, 32) ; (ii) this reverse transcriptase, presumably encoded in one of the group II mitochondrial introns, probably catalyses a target DNA-primed reverse transcription step (33), as described for the reverse transcriptases encoded by the R2Bm retroelement in B.Mori (34) and in the mitochondrial intron cox1-i2 in yeast (35) .
The typology of the various MUSEs can be explained if a variety of 3′-OH extremities could initiate this reverse transcription step. 4 . Models for insertion of (a) MUSE1 and (b) MUSE2. The newly inserted MUSEs are in italics. The MUSE in the target sequence is cleaved on either side of the target site. In the case of MUSE2 this site is on the opposite strand. The trinucleotide AAG, the dinucleotide GA and the nucleotide G are thereby deleted concomitantly with insertion of MUSE1, MUSE2 and (TA) 4 , respectively. (c) Example of a mtDNA sequence observed in P.anserina after multiple insertions of MUSE1s and (TA) 4 using the mechanisms described in (a).
The use of nicks generated by non-specific enzymes, such as topoisomerase I, or induced by chemicals reagents or radiation (as proposed for the integration of SINEs in nuclear DNA; 4) could explain why most MUSEs are dispersed on the mtDNA and that their flanking sequences do not reveal strong similarity. The use of 3′-OH generated by specific endonucleases whose specific targets are MUSEs themselves could explain why several MUSEs1 and MUSEs2 were flanked at their boundaries by oligonucleotides corresponding to their 5′-and 3′-ends. Models for multiple insertions of MUSE1 and MUSE2 which describe such a mechanism are shown in Figure 6 . Degradation of the central part of a pre-existing MUSE could reflect, as already shown for integration of the non-LTR retroelement R2Bm (34) , that the endonuclease makes a staggered cut in the two strands of the DNA and that the 5′ overhangs are removed prior to integration of the second element. Both putative cleavage sites for MUSEs1 and MUSEs2 contain a common central part, CG·AAG, which could be involved in cleavage of both elements. In the few occurrences of MUSE3 no such insertion can be detected and therefore no model can be built. However, this element also contains the central motif CG·AAG.
A subgroup of MUSE1 elements are framed by GGCGC and CTC and are associated with the oligonucleotide GCGC(TA) 4 at their left boundary (Fig. 3) . The preferential location of the sequence (TA) 4 corresponds to the first G of the GGCG motif. This can be explained if (TA) 4 is also a MUSE that preferentially integrates at this position (Fig. 6) . Whether (TA) 4 is, by itself, a mobile element is unclear, since no polymorphism precisely due to the presence/ absence of this sequence was found. It is thus unclear whether insertion of this sequence is linked to, or independent of, insertion of MUSE1.
In this model an unsolved question is the origin of the MUSE RNA used as template for the reverse transcription step. Short stable RNAs resulting from processing of longer RNA and corresponding exactly to the MUSEs could exist in the pool of mtRNAs. An alternative explanation is that they correspond to terminal or internal domains within longer RNAs. Specific reverse transcription of only a part of an RNA is well known in the case of telomerases, which are the specific reverse transcriptases that direct telomeric DNA synthesis (49) .
Role of MUSEs in evolution of the mitochondrial genome of the genus Podospora
It is assumed that insertion of mobile sequences in the nuclear genome can introduce deleterious mutations and their dispersion can create short regions of identity that can induce damaging recombination events. Identification of human diseases correlated with both de novo insertion of transposable elements in the nuclear genome (5) or recombination between such sequences (6) supports this assumption. However, some of these events could also be neutral or confer evolutionary advantages. It thus has been supposed that dispersion of mobile sequences could have contributed to the evolutionary shaping of the nuclear genome (7) (8) (9) .
We show here that insertion/deletion of MUSEs introduces genetic variability between the three related species P.curvicolla, P.comata and P.anserina. One of these events has modified one variable region of the LSU mitochondrial gene (LV5), whereas four others induced modifications of the amino acid sequence of the reverse transcriptase encoded in the group II intron 4 of the nad5 gene in P.anserina and P.curvicolla. Furthermore, these MUSEs are present at numerous locations where the mtDNA sequences of P.curvicolla and P.anserina diverge. Three of these locations coincide with boundaries of major rearrangements of the mitochondrial chromosome that correspond to differences in the mitochondrial gene order between the two species.
MUSE1 was originally described as a preferential site for recombination events leading to the rearrangements of the mitochondrial genome which are correlated with senescence (41) . This suggests that it could play a role in this degenerative phenomenon. Here we present evidence that MUSEs could be mobile and invasive and that their dispersion has a powerful impact on evolution of the mitochondrial genome. We thus propose, as previously suggested (48) for GC clusters, that they could be equivalent to SINEs in the nuclear genome.
